A newly observed isomeric intruder 1 /2 + state [T1 /2 = 3.5(6) ms] is identified in 203 At using a gas-filled recoil separator and fusion-evaporation reactions. The isomer is depopulated through a cascade of E3 and mixed M1/E2 transitions to the 9 /2 − ground state, and it is suggested to originate from the π(s1 /2 ) −1 configuration. In addition, the structures above the 1 /2 + state in 203 At and 197 At are studied using in-beam γ-ray spectroscopy, recoil-decay tagging and recoil-isomer decay tagging methods. The 1 /2 + state is fed from 3 /2 + and 5 /2 + states, and the origin of these states are discussed.
I. INTRODUCTION
When a proton from the s1 /2 orbital is excited across the Z = 82 magic shell gap, an intruder 1 /2 + state is formed. This is energetically reasonable if the nucleus is considered to be slightly oblate deformed, in which case the 1 2 [400] Nilsson orbital approaches the Fermi surface rapidly. Such a state is usually an isomeric state in oddmass neutron deficient nuclei heavier than lead, but in some cases it becomes the ground state. In bismuth nuclei this state is well known. The level energy is pushed down as the neutron number decreases, and it becomes the ground state in 185 Bi ( [1] , and references therein). In odd-mass astatine nuclei this state is known in isotopes 191−201 At [2] [3] [4] [5] . It was first observed in 197 At, where it is known to be an α-decaying isomeric state, which lies 52 keV above the ground state. In 195 At it becomes the ground state. The corresponding state is also known in a few francium nuclei. It is an isomeric excited state in odd-mass isotopes 201−205 Fr [6] [7] [8] , and in 199 Fr it may become the ground state [6, 9, 10] .
The level patterns above these states are of interest. In bismuth nuclei 191, 193 Bi a rotational like bands are observed to feed the isomeric state [11, 12] . In heavier isotopes 203, 205, 207 Bi the isomer is fed from nearly spherical 3 /2 + and 5 /2 + states originating from the intruder configurations of π(d3 /2 ) −1 and π(d5 /2 ) −1 , respectively [13] . Recently it was also observed that a superdeformed band is partially depopulated to the 1 /2 + state in 193 Bi [12] . Also a couple of candidates for the feeding states in 205 Fr are suggested [8] . Our recent study [5] to heavier bismuth isotopes, the two lowest levels above the 1 /2 + state were suggested to have a spin and parity of 3 /2 + and 5 /2 + , and those were suggested to originate from the π(d3 /2 ) −1 and π(d5 /2 ) −1 configurations, respectively. In this publication we present the feeding and depopulation of the isomeric intruder 1 /2 + state in 203 At. This is the first observation of this state in 203 At. In addition we propose a preliminary level pattern above the 1 /2 + state in 197 At. Also a discussion about the origin of the levels above the isomeric 1 /2 + state is presented.
II. EXPERIMENTAL SETUP
The nuclei of interest were produced using the 159 Tb( 48 Ca,4n) 203 At and 165 Ho( 36 Ar,4n) 197 At fusionevaporation reactions. The α-particle energy spectra shown in Fig. 1 can be used to estimate the relative production yields. The self-supporting targets had thicknesses of 360 and 350 µg/cm 2 , respectively. In both parts of the experiment a carbon reset foil (79 µg/cm 2 ) was stacked behind the target. The beams were produced with the K-130 cyclotron in the Accelerator Laboratory at the Department of Physics at the University of Jyväskylä. The beam energies of 198 MeV and 173 MeV, typical beam intensities of 10 pnA and 25 pnA, and irradiation times of 70 h and 180 h were used to produce 203 At and 197 At, respectively. In Fig. 1 (a) one can observe some contaminant α-activities. The energies of these are close to the α-particle energies of 202 Rn, 203m Rn, 199 At and 200m At, which would have been produced in pxn and αxn-evaporation channels if there was a 48 Ti contaminant in the 48 Ca beam. The fusion-evaporation residues (later recoils) were separated from the primary beam and other unwanted particles by using the He-filled recoil separator RITU [14, 15] . A flight time through RITU was in the order of 0. 6 portional counter (MWPC), was placed upstream from RITU's focal plane. At the focal plane the recoils were studied using the GREAT spectrometer [16] . The recoils were implanted into a 300-µm-thick double-sided silicon strip detector (DSSD), which was surrounded by a box array of silicon detectors consisting of 28 PIN diodes. Both of these silicon detector setups were adjusted to detect α particles and conversion electrons. At the focal plane delayed γ rays were detected with three clover type germanium detectors and one planar type germanium detector. The clover detectors were positioned in close geometry around the DSSD vacuum chamber. The planar detector was placed immediately behind the DSSD inside the GREAT vacuum chamber, and it was efficient for detecting x-rays and low-energy γ rays.
The JUROGAM II array, consisting of 24 clover [17] and altogether 15 Phase1 [18] and GASP [19] type Compton suppressed germanium detectors, was placed around the target position to observe prompt γ rays. The angular distributions of prompt γ rays observed in this experiment showed some irregularities when plotted against cos 2 (θ). Here θ denotes the angle between beam axis and a detector. Because of this, it was not possible to extract the exact value of the angular distribution parameter A 2 [20] . However, a clear descending (A 2 <0) or ascending (A 2 >0) trend was observed for transitions which were previously [21] assigned as a stretched dipole or stretched quadrupole transitions, respectively. This issue might arise due to a misplaced target and/or calibration source. An add-back method was implemented to the analysis of γ-ray data from all clover-type detectors.
A triggerless total data readout method (TDR) [22] was used to collect data from all ADC channels independently. Data analysis of prompt γ rays was based on the recoil-decay tagging (RDT) and the recoil-isomer decay tagging methods. All events were timestamped with a 100 MHz clock. The data analysis were performed with GRAIN [23] The search of the isomeric, intruder 1 /2 + state in 203 At was based on a search of recoil implantation followed by a conversion electron in the same pixel of the DSSD (later R-e -). The allowed correlation time between these two events was set to be 0.1-13 ms. The lower limit is required in order to suppress the events related to a shorter living high-spin isomeric state in 203 At [24] . The maximum correlation time of 13 ms is roughly 4 times the half-life of the 1 /2 + isomer. The deduction of the half-life will be explained later in this section. The identification of a recoil was based on the time-of-flight from the MWPC to the DSSD and to the energy loss of the recoil in the MWPC. Fig. 2 (a) presents the energy spectrum of γ rays in prompt coincidence with the R-e -chain electron. Two interesting γ-ray transitions are observed, one with an energy of 221.4(2) keV and the other with an energy of 462.0(2) keV. The third peak, with an energy of 511 keV, is the outcome of an annihilation of a positron originating from a (long-lived) β + activities, which are (randomly) correlated with recoil events.
In the panel (b) of Fig. 2 the energy spectrum of internal conversion electrons observed in the PIN box detector array is shown. A prompt coincidence with the R-e -chain electrons (in DSSD) is required, and the R-e -chain electron must have an energy corresponding to K or L+M+... conversion of the 221-keV transition. The two peaks in the spectrum correspond to K and L+M+... conversion of the 462 keV transition. The deduced intensity ratio of K /L+M+... = 0.85(8) matches with the theoretical intensity ratio of 0.83(2) calculated for a 462-keV E3 transition [25] , hence the 462-keV transition is assigned to have E3 character. Simulated efficiency information [26] was used in the deduction of the experimental K /L+M+... intensity ratio. The conversion electrons from the 462-keV transition are energetic enough to punch through the DSSD, hence the thicker PINs are used in this intensity ratio analysis. 
. conversion is demanded for the R-e
-chain electron in DSSD. The low energy peak marked with ¤ is a spurious peak related to the structure of the PIN diodes. (c) R-e -tagged conversion electron energy spectrum observed in the DSSD. R-e -chain electron must be in prompt coincidence with the 462 keV γ ray observed in the focal-plane clover array.
which is between the theoretical ratios of 0.617(12) and 4.28(9) calculated [25] for pure E2 and M1 type 221-keV transitions, respectively. Moreover, the 221-keV transition is observed to be in prompt coincidence with the 462-keV transition, hence higher multipolarity assignment is unlikely. Because of these two reasons a mixed M1/E2 character is suggested for the 221-keV transition.
In Fig. 3 (a) the R-e -tagged γ-ray singles energy spectrum observed in JUROGAM II is shown. Electron energies corresponding to K or L + M + . . . conversion of the 221-keV transition were required for the R-e -event chain electrons. The observed γ-ray transitions are listed in Table I . The level scheme above the 1 /2 + isomer was built based on the γγ coincidences, γ-ray energy sums and intensity balance. Also, the angular distribution of γ rays was deduced when possible. The deduced level scheme is presented in Fig. 4 . Two examples of the γγ coincidence analysis are presented in Fig. 3 panels (b) and (c). Moreover, the total transition intensity of the 442-keV and 178-keV transitions, which is extracted from the γγ spectrum gated with the 566-keV transition, must Iγ is the relative γ-ray intensity and A2 is the angular distribution parameter, both are deduced from R-e -tagged JUROGAM II data. Internal-conversion coefficients for the calculation of total transition intensity IT R were taken from [25] . IT R is normalized such that the 178-keV γ-transition has an intensity of 100. be identical. As the 442-keV transition is suggested to be of type E2 based on the angular distribution of γ rays, the type of the 178-keV transition can be deduced. This analysis excludes pure E1 and E2 characters, and suggests either pure M 1 or mixed M1/E2 character for the 178-keV transition. The angular distribution of the 178-keV γ rays does not reflect the angular distribution of a pure stretched dipole, hence a mixed M1/E2 character is suggested. This is also the assignment of both analogous transitions in neighboring 199,201 At nuclei [5] , and the observed x-ray yields in Fig. 3 support this picture. Also, the angular distribution of the 157-keV γ rays reflect neither the angular distribution of a stretched dipole nor quadrupole, hence also this transition is suggested to have a mixed M1/E2 character.
The time distribution between the recoil implantation and the subsequent electron is presented in Fig. 5 . As the 1 /2 + state is non-yrast, it is weakly populated in fusionevaporation reactions, hence selective tagging methods are required in order to extract the half-life of the state. The R-e -chain electron must be in coincidence with the 462-keV γ ray observed in any of the focal plane clover detectors. In addition, the recoil must be correlated with the 178-keV or 442-keV prompt γ ray observed in JU-ROGAM II array. Once these two conditions are introduced the 1 /2 + state related events are separated from the random background. The background is mainly β + particles in coincidence with (Compton scattered) γ rays. A half-life of 3.5(6) ms was extracted by using a logarithmic time-scale method [27] . (10) keV, and it decays by α-particle emission (E α = 6707(5) keV, T1 /2 = 2.0(2) s [30] ). These α-decay properties partially overlap with the α-decay properties of 198 At (E α = 6748(6) keV, T1 /2 = 3.8(4) s [6] ) and 195m Po (E α = 6699(5) keV, T1 /2 = 1.92(2) s [31] ). In this study some amounts of these nuclei were produced as side products.
Because of this, the recoil -197 At( 1 /2 + ) α-decay tagging (later R-α) is not a sufficient method to reliably recognize the γ-ray transitions feeding the 1 [12] , hence the chosen maximum correlation times correspond to roughly 4-5 times the half-life of each activity. As the statistics in this study are low, slightly longer correlation times were used in order to minimize losses caused by limited search times.
In Fig. 6 prompt γ-ray singles energy spectra observed in JUROGAM II with different tagging methods are shown. Panel (a) is presented for comparison, and there only recoil tagging is implemented. Most of the transitions visible in this panel belong to polonium isotopes, see Fig. 1(b contaminant intensity from γ-ray transitions with overlapping transition energy from neighboring nuclei 198 At [28] (symbol ¤ ) and 197 At Band 2 [29] (symbol #). These contaminating transitions vanish when R-α-α tagging is implemented in panel (c).
Transitions observed using R-α-α tagging are listed in Table II . The level scheme above the 1 /2 + state was constructed mainly based on the energy sum and total transition intensity information. The suggested level scheme is presented in Fig. 7 . In order to extract the total tran- 
the relative γ-ray intensity and A2 is the angular distribution parameter, both are deduced from R-α-α tagged JUROGAM II data. Internal-conversion coefficients for the calculation of total transition intensity IT R were taken from [25] . IT R is normalized such that the 382-keV γ-ray transition has an intensity of 100.
135.2(6) 59 (13) (7) 20 (7) 38(12) ( 9 /2 + ) ( 7 /2 + ) 381.8 (7) 100 (20) 110(30) (>0) ( 7 /2 + ) ( 3 /2 + ) 446.4 (7) 27 (9) 28(9) ( 9 /2 + ) ( 5 /2 + ) 496.4 (7) 40 (11) 41 (12) ( 11 /2 + ) ( 7 /2 + ) 536.5 (7) 18 (7) 19(8) ( 13 /2 + ) ( 9 /2 + ) 575.4 (7) 31 (10) 32(10)
a Transition is suggested to have a mixed M1/E2 character. The two given intensity readings stand for pure M1 and E2 transition, respectively. b Width of this γ peak in the spectrum refers to a possible doublet.
sition intensities certain assumptions must be made. The 135 keV transitions is assumed to have a mixed M1/E2 character. This is a reasonable assumption because the analogous transitions in 199 At and 201 At are suggested to have a mixed M1/E2 character [5] . Statistics available for γγ coincidence analysis were rather limited. Fig. 8 shows the energy spectrum of R-α tagged γ rays, which are in coincidence with the 135-keV transition. The spectrum shows weak signs of coincident 181-, 382-and 496-keV transitions, which support the suggested level scheme.
IV. DISCUSSION
For the first time we have observed the isomeric intruder 1 /2 + state in 203 At. We have studied the level structure below and above this state in 203 At, and in addition the level structure above the 1 /2 + state in 197 At. In 197 At the α-decaying state was observed for the first time already in 1986 by Coenen et al. [4] , and later Andgren et al. [32] saw the first γ-ray transitions feeding the 1 /2 + state. In Fig. 9 (a) the level energies of the intruder 1 /2 + states in odd-Z nuclei close to lead are presented. As one may observe, the level energy for the 1 /2 + state obtained in this study for 203 At is consistent with the systematics of the neighboring nuclei. The 1 /2 + states in the neighboring nuclei are suggested to originate from a π(s1 /2 ) −1 configuration, see the references listed in Fig. 9 For comparison, in Fig. 9 (a) the level energies of the 9 /2 − states in thallium nuclei are also presented. These states are analogous to the 1 /2 + states in At nuclei in a sense that in both cases a proton is excited from the s1 /2 orbital across the Z = 82 shell closure to the h9 /2 orbital. These 9 /2 − states appear to follow the energies of the 1 /2 + states in bismuth nuclei down to N=108, but in lighter thallium nuclei these states diverge. Based on the information obtained in this study it appears to be difficult to interpret unambiguously the levels feeding the 1 /2 + state. At least three different scenarios can be considered, none being clearly more plausible than others. These three scenarios are discussed below: Fig. 9 (b) the energies of the 3 /2 + and 5 /2 + states with respect to the level energy of the 1 /2 + state in odd-Z thallium, bismuth and astatine nuclei are presented. The electron capture properties presented in [13] [5] .
In odd-Z nuclei above shell closures the low-lying states are often compared to the low-lying states in their lighter even-Z isotones (see, for example, [7, 8, 29, 47] ). In this case the 1 /2 + state, being a proton-hole state, can be described as a proton hole in the radon core, hence a comparison to a heavier even-Z isotone is reasonable. In Fig. 10(a) states of the radon core. It is worth noting that some of these states in astatine nuclei have a tentative spin and parity assignments. From Fig. 10 (a) one may also notice that the excitation energies of the low-lying states in radon are pushed down as the neutron number decreases. This can be understood through the onset of deformation [28, 48] . In astatine nuclei Total Routhian surface (TRS) calculations [32] predict a sharp change in deformation between 195 At and 197 At. These calculations predict a near spherical shape for the π(h9 /2 ) 3 ground state configuration in 197−211 At odd-mass isotopes. The fact that the astatine states presented in Fig. 10(a) are not pushed down significantly in energy as the neutron number decreases suggests a nearly spherical shape down to 197 At. The problem with this interpretation is that the spherical π(d5 /2 ) orbital is deep below Fermi surface. Therefore a hole excitation originating from it may be considered unlikely at the observed excitation energies of the 5 /2 + states in astatine nuclei. The same holds if the nucleus is considered to be deformed, the to the 4 + and 6 + states of the corresponding radon core. In this scenario the interpretation for the 3 /2 + state and the states directly above it is identical to the scenario A.
Like in scenario A, also in this case a systematic comparison to the radon states can be done. This is shown in Fig. 10(b) . From this comparison it is clear that there is more deviation in the level spacing between astatine and radon nuclei than what is in the systematics plot of the scenario A ( Fig. 10(a) ). This holds especially in the heavier isotopes of interest, but in 197 At the agreement is fairly good. This, however, may be merely coincidental due to down-sloping trend of the radon states.
The problem in this scenario is the absence of the 5 /2 + → 1 /2 + E2 transition. This unobserved E2 transition, being collective in nature ( π(s1 (1) can be extracted and compared to the kinematic moments of inertia of other cascades in neighboring nuclei. This is shown as a function of rotational frequency ω in Fig. 11 . For clarity these data are presented in two separate panels with identical scales.
In panel (a) the kinematic moments of inertia of the cascades above 1 /2 + state in astatine nuclei are presented. [33] . From Fig. 11(a) one may notice that the kinematic moment of inertia of the 197 At( 3 /2 + ) band is comparable to the same band in heavier astatine isotopes, whereas there is a clear jump to higher kinematic moment of inertia in 195 At, indicating a structural change and an increase of deformation.
In Fig. 11(b [11, 12] that the low-spin part of these bands are weakly oblate and this low-deformation structure is crossed with a more deformed oblate or triaxial structure. This onset of deformation can be seen as an increase in the kinematic moment of inertia in Fig.  11(b) . This interpretation is in agreement with a recent laser spectroscopy study of the intruder states in 193, 195, 197 Bi [52] . From the Fig. 11(b) [33] . This makes the complete understanding of the picture even more difficult.
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